Inducible nitric oxide synthase (iNOS) plays an important role in host defense. Macrophages expressing iNOS release the reactive nitrogen intermediates (RNI) nitrite and S-nitrosoglutathione (GSNO), which are bactericidal in vitro at a pH characteristic of the phagosome of activated macrophages. We sought to characterize the active intrabacterial forms of these RNI and their molecular targets. Peptide methionine sulfoxide reductase (MsrA; EC 1.8.4.6) catalyzes the reduction of methionine sulfoxide (Met-O) in proteins to methionine (Met). E. coli lacking MsrA were hypersensitive to killing not only by hydrogen peroxide, but also by nitrite and GSNO. The wild-type phenotype was restored by transformation with plasmids encoding msrA from E. coli or M. tuberculosis, but not by an enzymatically inactive mutant msrA, indicating that Met oxidation was involved in the death of these cells. It seemed paradoxical that nitrite and GSNO kill bacteria by oxidizing Met residues when these RNI cannot themselves oxidize Met. However, under anaerobic conditions, neither nitrite nor GSNO was bactericidal. Nitrite and GSNO can both give rise to NO, which may react with superoxide produced by bacteria during aerobic metabolism, forming peroxynitrite, a known oxidant of Met to Met-O. Thus, the findings are consistent with the hypotheses that nitrite and GSNO kill E. coli by intracellular conversion to peroxynitrite, that intracellular Met residues in proteins constitute a critical target for peroxynitrite, and that MsrA can be essential for the repair of peroxynitrite-mediated intracellular damage.
T
he phenotype of mice deficient in the inducible Ca 2ϩ -independent isoform of nitric oxide synthase (iNOS, NOS2) demonstrates that host defenses require reactive nitrogen intermediates (RNI) for successful control of certain pathogens, such as Mycobacterium tuberculosis (1) . Moreover, the phenotype of mice deficient in both NOS2 and phagocyte oxidase suggests that RNI play a redundant role along with reactive oxygen intermediates (ROI) in controlling spontaneous infection by commensal microorganisms, such as Escherichia coli (2) . Despite the importance of the process, little is known at the molecular level about how RNI kill bacteria.
Which RNI contribute to control of microbial pathogens is unclear, because NO, the primary product of NOS2, can be converted in biological settings to other RNI such as NO 2 Ϫ , ⅐ NO 2 , N 2 O 3 , NO Ϫ , and NO ϩ . Such conversions can take place before or after RNI enter the microorganism. Equally unclear are the critical molecular lesions in bacteria, because the potential targets of RNI are diverse. Considering only proteins, RNI can nitrosylate cysteine sulfhydryls and heme prosthetic groups, disrupt iron-sulfur clusters, and inactivate tyrosyl radicals (3) . The facile reaction of NO with superoxide (O 2 ⅐Ϫ ) generates peroxynitrite (OONO Ϫ ), whose reactive derivatives nitrate tyrosine residues (4) and oxidize cysteines (5) and methionines (Met) (6, 7) .
Study of the RNI sensitivity of mutants in specific repair pathways offers a potentially powerful approach to help identify which forms of RNI exert microbicidal actions within microbial pathogens and to characterize their molecular targets (8) . msrA encodes an enzyme (EC 1.8.4.6) whose only known action is to reduce Met-O residues back to Met (9) . The reversible oxidation of key Met residues in certain proteins can modulate the function of the protein (7, (10) (11) (12) . Mutant bacteria and yeast lacking msrA are more sensitive to hydrogen peroxide (13, 14) than wild-type cells. The present work uses an E. coli msrA-null mutant to evaluate whether oxidation of Met plays a role in the killing of E. coli by two forms of RNI secreted by iNOS-expressing macrophages, NO 2 Ϫ and S-nitrosoglutathione (GSNO) (1) . We began to explore the biology of msrA from M. tuberculosis, a pathogen whose control by the murine host depends on expression of iNOS.
Materials and Methods
Reagents. Reagents were as follows: GSNO was purchased from Alexis (San Diego, CA) or prepared as by Gibson et al. (15) ; isopropyl-D-thiogalactopyranoside (IPTG) and rapid ligation kit were purchased from Boehringer Mannheim; AlamarBlue was purchased from AccuMedInternational (West Lake, OH); restriction endonucleases, T4 DNA ligase, DNA polymerase I Klenow fragment, and calf intestinal alkaline phosphatase were all from New England Biolabs; Pfu DNA polymerase came from Stratagene; pT7-Blue blunt cloning kit was purchased from Novagene (Madison, WI); dNTPs came from Amersham Pharmacia; Ni 2ϩ -nitrilotriacetic acid (NTA) agarose beads, Miniprep, Maxiprep, and gel extraction kits all came from Qiagen (Chatsworth, CA); nitrocellulose came from Schleicher & Schuell; other chemicals were purchased from Sigma. TCTCG) corresponded to base pairs 164579-164600, and reverse primer (5Ј-CCACTTCACCCTCGAGACCACCAC) corresponded to the complement of base pairs 165362-165386. The product was gel-purified and cloned into the SmaI site of the pT7-Blue vector to generate pMtb8.
Plasmids. M. tuberculosis msrA was subcloned from pMtb8 by PCR with forward (5Ј-CATATGACGAGCA ATCA-GAAAGCG) and reverse (5Ј-GGCCCGCGTTCAGGTC-CCGA) primers. The forward primer incorporated a NdeI site around the ATG start codon. The product was cloned into pT7-Blue such that the 5Ј-terminus of the insert was distal to the NdeI site within the vector, generating pT7MsrA Mtb . A 240-bp region immediately upstream of E. coli msrA containing the msrA promoter was amplified by using primers (forward, 5Ј-AAGCTTACACAGCATAACTG; and reverse, 5Ј-CATAT-GGGTGTCGCTCTCC), creating an NdeI site encompassing the ATG start codon. The amplified promoter fragment was cloned into pT7-Blue, generating pEMP. M. tuberculosis msrA was subcloned from pT7MsrA Mtb by means of an NdeI digestion and ligated into pEMP digested with the same enzyme, producing pEMPMsrA Mtb . Medium-copy plasmid pRB3-273c (gift of Ferric Fang, Univ. of Colorado, Boulder) was used to introduce M. tuberculosis msrA and E. coli msrA into ⌬msrA E. coli. Thus pMsrA Mtb was generated by subcloning a BamHI-SalI fragment of pEMPMsrA Mtb into SmaI-digested pRB3-273c. Plasmid pAR100 (18) containing E. coli msrA was used to subclone this gene into pRB3-273c. To generate pMsrA Ecoli a 1.3-kb fragment of pAR100 carrying the E. coli msrA gene and its promoter was subcloned by SacI-HindIII digestion and ligated into pRB3-273c digested with the same enzymes. The Cys 3 Ser (C52S) mutant of E. coli MsrA was created with the QuickChange Site-Directed Mutagenesis kit (Stratagene) using primer 5Ј-GCCATTTTT-GCGATGGGTTCTTTCTGGGGTGTG and its complement.
Bacterial Strains. Wild-type MC1061 E. coli and its congenic ⌬msrA E. coli (Tn903::msrA) (13) were used for the functional characterization of msrA. XL-10 Gold (Stratagene) and HB101 (Life Technologies) E. coli strains were used for general genetic manipulation. Cultures were grown in LB broth or on LB agar with ampicillin (100 g/ml) and͞or kanamycin (50 g/ml) as required. S. Ehrt (Weill Medical College of Cornell University) kindly provided lysates of M. tuberculosis strains CB3.3, H37Rv, and 1254 (ATCC 51910), Mycobacterium bovis bacillus Calmette-Guérin, Mycobacterium microti, and Mycobacterium chelonae.
Production of Recombinant M. tuberculosis MsrA and Antiserum. An ApaI-BspEI fragment of pMtb8 carrying M. tuberculosis msrA was subcloned downstream of an IPTG-inducible promoter in pQE32 (Qiagen) and the resulting plasmid was used to transform E. coli M15 (pREP4) (Qiagen). The hexahistidine fusion protein was overexpressed after 3-h induction with 1 mM IPTG and purified on Ni-NTA agarose beads. The purified protein was subjected to SDS͞PAGE. The Coomassie blue-stained band corresponding in mass to MsrA was homogenized in 25 mM Tris͞75 mM glycine (pH 8.8͞1% SDS͞5 mM DTT͞40% (vol/vol) glycerol, and the protein was electroeluted. Rabbits were injected each time with 50-75 g of protein in Freund's adjuvant (complete, first injection; incomplete three times thereafter).
Immunoblot. E. coli transformed with plasmid pMsrA Mtb were sonicated on ice in 20 mM Tris (pH 7.4). Mycobacteria were lysed in a FastPrep beater. Protein concentrations were measured by the Bradford method (19) . Proteins (100 g) were separated on SDS͞15% PAGE, transferred to nitrocellulose membranes, and reacted with antisera in (pH 7.5) Tris-buffered saline with 5% nonfat milk and 0.1% Tween-20 (TBS-T). Bound antibody was detected by enhanced chemiluminescence (NEN Life Science or Pierce). Blots to be reprobed were treated for 30 min at 55°C in 62.5 mM Tris, pH 6.8͞100 mM 2-mercaptoethanol͞2% SDS, then washed with several changes of TBS-T.
Enzymatic Activity. MsrA activity was assayed as described (20) by using N-acetyl-[ 3 H]Met-O as substrate and either DTT or thioredoxin plus thioredoxin reductase and NADPH as the reducing system. Bacterial Survival. Overnight cultures of transformed E. coli were diluted 1:200 or 1:500. Survival assays were carried out in LB (for assays with H 2 O 2 , ethanol, or urea), LB with 100 mM Mes, pH 5 (for assays with GSNO or sodium nitrite), or LB, pH 4. Bacteria were cultured at 37°C in 96-well microtiter plates with agitation. At the indicated times, aliquots were assayed for surviving bacteria by a fluorescence-based microplate assay (21) . For anaerobic cultures, custom-made glass tubes with a side-arm on one wall and a stopcock on the opposite wall were fitted with an airtight stopper. After overnight aerobic growth, bacteria were added to the side-arm, while LB medium supplemented with 0.5% glucose and RNI was placed in the main compartment. The tubes were sparged with N 2 through a submerged catheter for 30 min followed by 10 min of evacuation for three cycles. The sealed tubes were then tipped to inoculate the medium with bacteria. In controls, the stopcock was opened to readmit air before the tubes were tipped. Tubes were incubated at 37°C for the indicated times and assayed for surviving bacteria. Colony-forming units (CFU) are reported on a log 10 scale.
Results
Cloning and Characterization of M. tuberculosis msrA. The DNA sequence of the msrA gene cloned from M. tuberculosis strain CB3.3 was identical to the putative msrA sequence of strain H37Rv (16) . M. tuberculosis MsrA (MsrA Mtb ) is 40% identical at the amino acid level to its counterpart in E. coli but shorter by 30 aa. The M. tuberculosis protein contains the active site consensus sequence, GCFWG (22) (23) (24) , but preserves only 2 of the 4 cysteine residues found in the E. coli protein. Recombinant MsrA Mtb was overexpressed in E. coli and purified to homogeneity. Although the apparent molecular mass of 27 kDa on SDS͞PAGE (Fig. 1A) exceeded the expected mass for the recombinant protein including the histidine tag and linker (23,069 Da), the predicted mass was confirmed by mass spectrometry. The specific activity of MsrA Mtb was comparable to that of E. coli MsrA (MsrA Ecoli ) when both were measured by using E. coli thioredoxin and thioredoxin reductase (Fig. 1B) . Activity was not detectable when the following were individually omitted from the reaction mixture: thioredoxin (Fig. 1B) , thioredoxin reductase, MsrA, or NADPH, or when BSA was substituted for MsrA (data not shown).
Expression and Activity of MsrA in Wild-Type, Complemented, and ⌬msrA E. coli Strains. Pure MsrA Mtb was used to raise a specific antiserum, which detected a protein migrating at Ϸ27 kDa in E. coli transformed with M. tuberculosis msrA in the presence (Fig.  2A, lane 1) but not the absence of IPTG (Fig. 2 A, lane 2) .
In previous studies, an E. coli null mutant of msrA (⌬msrA) was created through the insertion of a kanamycin-resistance cassette (Tn903) into the codon for amino acid 30 (13) . The ⌬msrA strain was devoid of MsrA protein (Fig. 2B, and Fig. 2C) , 1254, and H37Rv (data not shown), and M. bovis bacillus Calmette-Guérin and M. microti (Fig. 2C) . Lack of reactivity with M. chelonae may reflect limited crossreactivity of the MsrA Mtb antiserum.
The Hypersensitive Phenotype of ⌬msrA E. coli to H2O2 Is Reversed by msrA from E. coli or M. tuberculosis, but Not by the E. coli C52S Mutant.
By using a qualitative assay (disk diffusion), ⌬msrA E. coli was found to be hypersensitive to H 2 O 2 (13) . We confirmed the hypersensitive phenotype of ⌬msrA E. coli to H 2 O 2 by quantitating the number of viable bacteria over several hours in liquid culture (Fig. 3) . The ⌬msrA mutant lost about 50-fold more CFU than wild type when both were challenged with H 2 O 2 . Hypersensitivity to H 2 O 2 was reversed by complementation with msrA from M. tuberculosis as well as that from E. coli (Fig. 3B) . Previous studies have shown that enzyme activity depends on a cysteine residue located in a conserved sequence, GCFWG, in the N-terminal domain in yeast, bovine, and E. coli homologs of MsrA (22) (23) (24) , although the mutation of this residue to serine (C52S) has no detectable impact on tertiary structure (24) . The C52S mutant failed to protect ⌬msrA E. coli against oxidative stress (Fig. 3C) . Thus, the protection against H 2 O 2 afforded by MsrA requires enzymatically active protein.
⌬msrA E. coli Is Highly Sensitive to Killing by RNI. We next investigated the viability of ⌬msrA and wild-type E. coli exposed to two physiological forms of RNI secreted by activated macrophages, GSNO and nitrite. The medium was buffered at pH 5 because this approximates the hydrogen ion concentration in the phagosome of activated macrophages (25) . The acidity of the phago- some is likely to be critical to the antibacterial action of RNI. Mild acidity stabilizes GSNO (26) , and GSNO must be taken up to inhibit Salmonella typhimurium (8) . Nitrite lacks antibacterial activity at neutrality, but is bactericidal at pH 5 (27) because the protonated form dismutates to NO and higher oxides of nitrogen (28) .
The survival of all strains in the absence of RNI was similar (Fig. 4A) . However, the survival of ⌬msrA in the presence of GSNO or NaNO 2 was severely decreased (10 3 -to 10 4 -fold fewer surviving bacteria) compared with wild-type E. coli or ⌬msrA transformed with a plasmid expressing enzymatically active MsrA from either E. coli or M. tuberculosis (Fig. 4 B and C) . Expression of msrA C52S failed to restore resistance to RNI (Fig. 4D) .
RNI Lack Bactericidal Activity Under Anaerobic Conditions.
The foregoing results suggested that addition of GSNO or NO 2 Ϫ to the growth medium resulted in the oxidation of critical Met residues within E. coli, even though GSNO and NO 2 Ϫ themselves do not oxidize Met. This paradox could be explained if GSNO and NO 2 Ϫ gave rise to more potent oxidants on reacting with products of aerobic bacterial metabolism. To test this hypothesis, we repeated the RNI challenge experiments under anaerobic conditions. In the absence of molecular oxygen, neither nitrite nor GSNO was bactericidal for E. coli, either wild type or ⌬msrA (Fig. 5) .
Survival of E. coli During Exposure to Stresses Other Than ROI or RNI.
To test whether MsrA specifically protects against Met-O accumulation induced by RNI and ROI, we tested the survival of ⌬msrA E. coli under other stressful conditions not thought to yield Met-O (Fig. 6) . Viability was reduced after 3 h at pH 7 in ethanol or urea or at pH 4, but the presence of MsrA had no effect (Fig. 6 ).
Discussion
It is remarkable that the fate of a bacterium confronted with hydrogen peroxide or RNI is dependent on the ability of the organism to reduce oxidized Met, given the multiplicity of other potential injuries and other pathways of protection, such as catalase, glutathione, glutaredoxins, thioredoxins, and peroxiredoxins. This is particularly striking in that there is no known reactivity of the added RNI with Met.
What explains this paradox? The demonstration that killing of E. coli by NO 2 Ϫ and GSNO requires molecular oxygen appears to be of fundamental importance. Oxygen and the RNI tested were both required for the bactericidal action, because bacteria were not killed by RNI without oxygen or by oxygen without RNI. A likely explanation is that nitrite and GSNO gave rise to NO, whereas O 2 was converted to superoxide through bacterial metabolism, and together these products formed OONO Ϫ , which can oxidize Met residues (29) . Because MsrA and its physiologic reductants (thioredoxin, thioredoxin reductase, and NADPH) are all cytoplasmic, the critical Met residues, the oxidation of which was reversed by MsrA, must likewise have been intracellular. Because OONO Ϫ decomposes rapidly and has a short diffusion distance, the intracellular localization of target Met residues is most consistent with an intracellular site of formation of OONO Ϫ .
The role posited above for intracellular OONO Ϫ is inferential, and other explanations must be considered. NO may displace bound iron or copper ions such that they can interact with H 2 O 2 that arises from aerobic metabolism, thereby generating OH ⅐ , which can oxidize Met. NO 2 Ϫ , when protonated to HNO 2 , can give rise not only to NO but also to higher oxides of nitrogen that might possibly oxidize Met. However, these rearrangements are not dependent on molecular oxygen (26) . Nitrite-derived NO or NO ϩ can nitrosate glutathione (GSH). This might deplete reserves of GSH that would otherwise be available to react with H 2 O 2 generated during aerobic metabolism. This could leave more H 2 O 2 available to oxidize Met. However, the latter scenario would not explain the oxygen dependence of the bactericidal action of GSNO itself, because transnitrosation of endogenous GSH by exogenous GSNO would generate an equimolar amount of free sulfhydryl. Finally, RNI and O 2 could each cause unrelated effects that were individually innocuous but lethal in combination. However, this explanation would not be consistent with the evidence that the oxygen-dependent lethality of RNI arose not from two distinct forms of killing, but from one, namely, the oxidation of Met residues. If the RNI-and oxygendependent bacterial killing observed here is indeed because of peroxynitrite, then the protection afforded by MsrA may be the first example of the repair of peroxynitrite-mediated injury by a defined enzymatic pathway.
Peroxynitrite is emerging as a major toxin among RNI and ROI, not only toward microbes but also toward mammalian cells (4, (30) (31) (32) . Studies of the oxidative damage of proteins by peroxynitrite have focused on nitration of tyrosine residues and, to a lesser extent, oxidation of cysteines. Our results suggest that protein Met residues may be another important biological target of peroxynitrite, even if they are not a quantitatively major route to its catabolism within the cell. Until recently, the only way known for cells to protect themselves from peroxynitrite was to reduce the concentration of one precursor, superoxide, through the action of superoxide dismutase, thereby preventing peroxynitrite formation. Subsequently, it was suggested that some bacteria could also deplete the other precursor, NO, through NO dioxygenase-catalyzed oxidation to NO 3 Ϫ (33). Recently, it was demonstrated that bacterial peroxiredoxins can catabolize peroxynitrite fast enough to protect other molecular targets (5).
Here we suggest that a third way for cells to protect themselves from the effects of peroxynitrite is to repair key lesions after they are inflicted.
Why is the ability to reduce Met-O residues in proteins so important for the survival of E. coli (see also ref. 13 ) and yeast (14) ? Three possible explanations are proposed. First, oxidation of Met residues alters the biological activity of specific proteins, such as ribosomal protein L12, ␣-1-proteinase inhibitor, calmodulin, and a voltage-gated K ϩ channel (34) . In cells challenged with ROI or RNI, there may be specific proteins required for viability that contain a Met residue, whose oxidation by per- Fig. 5 . RNI-induced toxicity to ⌬msrA E. coli requires aerobic conditions. Survival of E. coli grown in the presence or absence of 1 mM NaNO 2 (A) or 4 mM GSNO (B) under anaerobic conditions for 24 h. Black bars, wild-type E. coli transformed with pRB3-273c containing no insert; white bars, ⌬msrA E. coli transformed with pRB3-273c containing no insert. Some cultures were prepared for anaerobic growth, but oxygen was readmitted before the bacteria were mixed with RNI. Results are means Ϯ SD from 2 experiments in duplicate (A) or from a representative experiment in triplicate (B). Fig. 6 . Survival of E. coli exposed to other stresses. E. coli was grown at pH 7, at pH 4, in 10% ethanol (EtOH), or in 250 mM urea. Shown are wild-type E. coli transformed with pRB3-273c containing no insert (black bars) and ⌬msrA E. coli transformed with pRB3-273c containing no insert (white bars), pMsrA Ecoli (checkered bars), or pMsrAMtb (cross-hatched bars). Conditions are as in Fig. 3 except surviving bacteria were scored after 3 h. Results are means Ϯ SD from one experiment representative of three in triplicate.
oxynitrite inactivates the proteins. Inability of the ⌬msrA mutant to reduce Met-O in such proteins could explain the sensitivity of the bacterium to RNI and ROI.
Second, studies with methionine aminopeptidase (MAP) mutants have shown that the removal of the N-terminal Met from many newly synthesized proteins is essential for cell viability (35, 36) . Synthetic peptides with Met-O at the N-terminal position either are not substrates for MAP (37) or are much poorer substrates than the corresponding Met peptide (38) . Studies on the effect of H 2 O 2 on protein oxidation in neutrophils showed that Met residues in nascent protein chains were more sensitive to oxidation than were Met residues in a mature protein (39) . Thus, the oxidation of N-terminal Met residues in nascent chains could be a lethal event if there were no mechanism to reduce the N-terminal Met-O to Met. To test this hypothesis, we carried out Edman degradation to quantitate the content of N-terminal Met-O residues in lysates from wild-type and ⌬msrA E. coli before and after exposure to ROI and RNI. However, the high background contributed by preformed proteins precluded detecting small differences (G.S.J., H.E.-B., P.T., D. Wellner, C.N., and N.B., unpublished observations).
A third possibility comes from studies on the sensitivity of Met residues in glutamine synthetase to oxidation (40) . Highly exposed Met residues were the most readily oxidized. It was suggested that these Met residues were part of a reversible oxidation͞reduction mechanism that helped to protect the protein against oxidative damage. In this scheme some Met residues in proteins act as antioxidants by their oxidation to Met-O. Subsequent reduction by MsrA regenerates Met. The net result is that, in the presence of MsrA, the exposed Met residues act catalytically to remove ROI and RNI at the expense of NADPH.
The concept that some proteins, in addition to their other roles, may also function catalytically to destroy ROI and RNI through Met oxidation followed by MsrA-catalyzed reduction raises the possibility that MsrA deficiency could sensitize cells to oxidant injury by permitting the accumulation of higher levels of intracellular ROI and RNI than in cells that express MsrA. However, the postulate that Met residues in proteins can act as antioxidants requires invoking an additional step, epimerization. Chemical oxidation of Met results in the formation of both Met-R-O and Met-S-O epimers. MsrA is specific for Met-S-O (24, 41) . Therefore, after repeated exposure to oxidizing agents, proteins would accumulate Met-R-O. This would be deleterious to the cell unless there were a way to reduce Met-R-O directly to Met or an epimerase to convert Met-R-O to Met-S-O. Preliminary evidence suggests that E. coli extracts contain an epimerase that can catalyze this conversion (H.W., F. Etienne, and N.B., unpublished data). Such an enzyme would have to be closely coupled to MsrA for proteins to be fully reactivated after oxidation of Met residues.
Because RNI play a prominent role in the control of experimental tuberculosis, it is of interest that msrA from M. tuberculosis protected heterologous bacteria from RNI.
